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ABSTRACT
Context. Dwarf novæ (DNe) and low mass X-ray binaries (LMXBs) show eruptions that are thought to be due to a thermal-viscous
instability in their accretion disk. These eruptions provide constraints on angular momentum transport mechanisms.
Aims. We explore the idea that angular momentum transport could be controlled by the dynamical evolution of the large scale magnetic
field. We study the impact of different prescriptions for the magnetic field evolution on the dynamics of the disk. This is a first step in
confronting the theory of magnetic field transport with observations.
Methods. We develop a version of the disk instability model that evolves the density, the temperature and the large scale vertical
magnetic flux together. We take into account the accretion driven by turbulence or by a magnetized outflow with prescriptions taken
respectively from shearing box simulations or self-similar solutions of magnetized outflows. To evolve the magnetic flux, we use a
toy model with physically motivated prescriptions depending mainly on the local magnetization β, where β is the ratio of thermal
pressure to magnetic pressure.
Results. We find that allowing magnetic flux to be advected inwards provides the best agreement with DNe lightcurves. This leads
to a hybrid configuration with an inner magnetized disk, driven by angular momentum losses to an MHD outflow, sharply transiting
to an outer weakly-magnetized turbulent disk, where the eruptions are triggered. The dynamical impact is equivalent to truncating a
viscous disk so that it does not extend down to the compact object, with the truncation radius dependent on the magnetic flux and
evolving as M˙−2/3.
Conclusions. Models of DNe and LMXB lightcurves typically require the outer, viscous disk to be truncated in order to match
observations. There is no generic explanation for this truncation. We propose that it is a natural outcome of the presence of large-scale
magnetic fields in both DNe and LMXBs, the magnetic flux accumulating towards the center to produce a magnetized disk with a fast
accretion timescale.
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1. Introduction
Magnetic fields in accretion disks are largely unconstrained ob-
servationally. Yet, the magnetic configuration has tremendous
importance to understand the observed properties and evolution
of astrophysical disks. It has long been known that active galac-
tic nuclei (AGN; Lister et al. 2009, Blandford et al. 2019), pro-
toplanetary disks (Burrows et al. 1996, Ray et al. 1996, Hirth
et al. 1997, Dougados et al. 2000) and low-mass X-ray bina-
ries (LMXBs; Mirabel et al. 1992, Fender et al. 1997) exhibit
the presence of strongly collimated, fast outflows, called jets.
It has recently been proposed that jets may also be present in
dwarf novæ (DNe; Körding et al. 2008, Russell et al. 2016,
Coppejans et al. 2016, Coppejans & Knigge 2020). These jets
could be launched thanks to a strong (near equipartition) large
scale poloidal magnetic field threading the disk that magneto-
centrifugally accelerates and collimates the flow (Blandford &
Payne 1982, Pudritz et al. 1983, Königl 1989, Ferreira & Pel-
letier 1995). More extended, slower ejections, called winds, have
also been observed in all the accretion disks cited above (Cor-
dova & Mason 1982, Mauche & Raymond 1987, Crenshaw et al.
2003, Miller et al. 2004, Ponti et al. 2012, Louvet et al. 2018).
Recently, 3D MRI numerical simulations (Fromang et al.
2013, Bai & Stone 2013, Lesur et al. 2013) and self-similar so-
lutions (Jacquemin-Ide et al. 2019) showed that outflows à la
Blandford & Payne (1982) could be extended to lower magne-
tization to produce slower, more massive solutions compared to
the previously computed jet solutions (Ferreira 1997). However,
it is not clear that these lower magnetization outflows could en-
tirely explain the observed features of winds. Indeed, at least
in DNe and LMXBs, it seems that to reproduce the estimated
mass loss rates and terminal velocities from observations there
should be some hybrid mechanism involving magnetic and ther-
mal driving or radiative driving (Proga 2003, Miller et al. 2006,
Luketic et al. 2010, Higginbottom & Proga 2015, Chakravorty
et al. 2016, Díaz Trigo & Boirin 2016, Jacquemin-Ide et al.
2019,Trueba et al. 2019). Nonetheless, both jets and winds in
accretion disks depend strongly on the presence of a large scale
magnetic field threading the disk.
A large scale magnetic field does not only impact the
ejection mechanisms but also the accretion processes. In fact,
the magnetic field is believed to be one of the main drivers of ac-
cretion, either through turbulence due to the magneto-rotational
instability (MRI; Velikhov 1959, Chandrasekhar 1960, Balbus
& Hawley 1991)1, which transports angular momentum radially,
or through magnetic winds/jets (Blandford & Payne 1982,
Pudritz et al. 1983, Königl 1989, Ferreira & Pelletier 1995),
which extract angular momentum vertically. Moreover, both
the strength of MRI (Hawley et al. 1995, Salvesen et al. 2016,
Scepi et al. 2018b) and the properties of the magnetic outflows
1 We note that MRI does not require a large scale magnetic field.
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(Jacquemin-Ide et al. 2019) depend on the large scale poloidal
magnetic field strength.
Large scale poloidal magnetic fields can have two origins.
They could either be generated in situ by dynamo effects (Bran-
denburg et al. 1995, Tout & Pringle 1996) or could be advected
inwards from the surrounding medium (Bisnovatyi-Kogan &
Ruzmaikin 1974). It is still not clear whether MRI dynamo can
produce an organized poloidal magnetic field on large scales
(Brandenburg et al. 1995). Local shearing box simulations tend
to show that they do not but state-of-the-art 3D global simula-
tions from Liska et al. (2018b) found that loops of poloidal mag-
netic field when formed in the outer region and dragged in the
inner region of the disk becomes "large scale" due to the differ-
ence of length scale between the outer and inner region.
In a seminal work, Lubow et al. (1994) studied the trans-
port of magnetic field in a thin disk where angular momentum
transport is only due to turbulence, with turbulence prescribed
as an α parameter, where α is the ratio of the radial stress to
the thermal pressure (Shakura & Sunyaev 1973). They showed
that in an α-disk, it seems impossible to advect large scale mag-
netic field inwards. These results have been later confirmed by
Heyvaerts et al. (1996). Indeed, with a magnetic Prandtl number
(ratio of the turbulent viscosity to the magnetic turbulent diffu-
sivity) of unity, as seems to be the case for MRI-driven turbu-
lence (Lesur & Longaretti 2009), the large scale poloidal mag-
netic field diffuses outwards efficiently. Lubow et al. (1994) con-
sidered the advection of magnetic field inwards by turbulent ac-
cretion and computed the diffusion term by solving the global
magnetic structure in the potential field approximation. How-
ever, the authors ignored the vertical structure of the disk and
assumed that the velocity at which the magnetic flux is advected
is the same as the velocity at which the mass is accreted.
Bisnovatyi-Kogan & Lovelace (2007) and Rothstein &
Lovelace (2008) proposed that taking into account the vertical
structure of the disk could help advect magnetic field inwards.
Their idea is based on the fact that the upper layers of the disk,
where the MRI is suppressed, have a higher effective conductiv-
ity than the bulk of the disk. Although, accretion in the upper lay-
ers does not participate much to mass transport, because the den-
sity is low in those regions, it could help advect magnetic field
inwards faster than it would do in the more diffusive midplane of
the disk. Evidence for this mechanism is also found in 3D global
simulations (Beckwith et al. 2009, Tchekhovskoy et al. 2011,
Suzuki & Inutsuka 2014, Zhu & Stone 2018) where funnels of
low-density matter above the disk carry the magnetic flux in-
wards. Guilet & Ogilvie (2012) computed the vertical structure
of a thin disk through an asymptotic expansion of the resistive
MHD equations. With this semi-local model, they were able to
compute the transport rates due to an α turbulent accretion as
well as MHD outflow-driven accretion as a function of magneti-
zation. They showed, in the context of protoplanetary disks, that
by taking account the vertical structure of the disk the magnetic
field could be advected efficiently inward for a realistic magnetic
Prandtl number because of accretion in the upper low-density
layers (Guilet & Ogilvie 2014).
The problem of inefficient dragging of the magnetic field is
fundamentally due to the fact that the turbulent magnetic diffu-
sivity is of the same order than the turbulent viscosity (Tout &
Pringle 1996). This problem could be alleviated if the angular
momentum is removed by the magnetic outflow-driven torque,
which can be more efficient than the turbulent torque (Lubow
et al. 1994b, Heyvaerts et al. 1996, Ogilvie & Livio 2001, Guilet
& Ogilvie 2012). Li & Cao (2019) constructed a global model
of thin disks where the removal of angular momentum is done
by a magnetic outflow and the magnetic structure is evolved
self-consistently. To evolve the magnetic field, they computed
the global magnetic structure in the same way as Lubow et al.
(1994). They showed that magnetic field is advected inwards
very efficiently and forms a very magnetised zone around the
central object even when they start from a relatively moderate
external magnetic field. Their work focused on the stationary,
global structure of the disk and the outflows.
In this paper, we wish to explore the dynamical evolution
of a disk threaded everywhere by a large scale poloidal mag-
netic field in the context of transient compact objects. We will
focus, in particular, on the case of dwarf novæ, which are bi-
nary systems composed of a white dwarf and a solar type star,
where the accretion disk surrounding the white dwarf undergoes
thermal-viscous eruptions. The eruptions of dwarf novæ have
been modeled for years using the disk instability model (DIM,
Lasota 2001). This model traditionally assumes that the transport
of angular momentum is due to turbulence. Dwarf novæ have
been used as a testbed to deduce the value of α from observations
(Kotko & Lasota 2012, Cannizzo et al. 2012). However, despite
many efforts, no physically satisfying solution was found to pro-
duce the values of α required by observations (Hirose et al. 2014,
Coleman et al. 2016, Scepi et al. 2018). Recently, Scepi et al.
(2019) proposed that the torque produced by a magnetic outflow
could help solve this issue. They showed that the inclusion of the
outflow-driven magnetic torque shapes the light curves. In par-
ticular, they were able to produce realistic eruptions by assum-
ing the magnetic field B was a function of disk radius B ∝ R−3.
However, Scepi et al. (2019) fixed the magnetic configuration,
whereas it is expected to evolve during the outburst as the mag-
netic field is advected and diffuses in the disk. We wish here
to take this into account by evolving self-consistently the large
scale magnetic configuration together with the modified disk in-
stability model of Scepi et al. (2019). We emphasize that we do
not aim at comparing directly our results with observations of
DNe but rather to provide a first theoretical study of the inter-
play between magnetic field transport and the eruptions of DNe.
We also stress that we are not modelling the magnetospheric in-
teraction of a possible white dwarf dipolar field with the disk.
This is usually captured as a truncation of the inner disk at the
magnetospheric radius, the radius below which the dipolar field
is strong enough to funnel accretion (Frank et al. 2002). Such a
truncation has been proposed, in combination with the DIM, to
explain the high X-ray flux in quiescence and the lag between the
outburst rise in UV and optical in DNe (Livio & Pringle 1992;
Schreiber et al. 2003).
In §2 we expose in detail the method we use to evolve the
fields in our model. In §3.1 and §3.2, we explore the behavior of
the disk using two different prescriptions for the magnetic field
evolution. We show the impact of this choice on the light curves
of DNe. Then, in §4 we discuss the caveats of our model, its
observational consequences and its application to LMXBs. We
conclude in §5.
2. Methods
In this paper, we consider an axisymetric accretion disk around
a white dwarf of 0.6 M. To study the evolution of the ionized
plasma that constitutes the accretion disk we use the viscous and
resistive non-relativistic MHD equations in a frame centered on
the white dwarf and use cylindrical coordinates.
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2.1. Induction equation
In a axisymetric disk, we can write the magnetic field B as
B = − 1
R
eφ ×∇ψ + Bφeφ (1)
where ψ is the magnetic flux function and R the cylindrical radius
in the disk. The induction equation is written as
∂B
∂t
= ∇ × (v × B − η∇ × B) (2)
where v is the velocity and η is the magnetic diffusivity, here
assumed to be of turbulent origin.
We can rewrite (2) using (1) and find
∂ψ
∂t
= R
[
vzBR − vRBz − η
(
∂BR
∂z
− ∂Bz
∂R
)]
= 0. (3)
Following the asymptotic expansion in a thin disk of the
viscous and resistive MHD equations developed by Guilet &
Ogilvie (2012), we write
ψ(R, z, t) = ψ0(R, t) + 2ψ2(R, z, t) + o(2) (4)
where  is a small dimensionless parameter of the order of H/R.
H ≡ cs/Ω is the scale height of the disk, cs the sound speed and
Ω the angular velocity. According to Guilet & Ogilvie (2012),
we assume
vz
vR
= O() ;
BR
Bz
= O(). (5)
One can check that indeed
BR
Bz
=
− 1R∂z(2ψ2)
1
R∂Rψ0
= O()
since z/R = O() in the disk. We discuss the limitations of these
assumptions in §4.1.
Using (1), (3), (4) and (5) we can rewrite the poloidal part of
the induction equation at leading order as
∂ψ0
∂t
+ vR
∂ψ0
∂R
+ ηR
(
∂BR
∂z
− ∂Bz
∂R
)
= 0. (6)
We then integrate vertically equation (6) weighted by the
conductivity 1/η (Ogilvie & Livio 2001) to find
∂ψ0
∂t
+ RBz
[
vR + η
(
1
Lz
BRs
Bz
− ∂ ln Bz
∂R
)]
= 0 (7)
with
1
η
=
1
2Lz
ˆ
1
η
dz,
vR =
η
2Lz
ˆ
vR
η
dz
and Lz is the height up to which we integrate in the vertical di-
rection. BRs is the radial magnetic field at the disk surface. We
assumed an odd symmetry for the radial magnetic field and in-
tegrated all quantities between −Lz and Lz. Equation (7) can be
rewritten as
∂ψ
∂t
+ vψ
∂ψ
∂R
= 0 (8)
where
vψ ≡ vR + η
(
1
Lz
BRs
Bz
− ∂ ln Bz
∂R
)
(9)
is the transport velocity of the magnetic flux. We dropped the
subscript 0 in the magnetic flux function. From (8) it seems that
the induction equation has become a simple advection problem.
However, one should keep in mind that the velocity vψ depends
on ∂RBz = ∂R
(
1
R
∂ψ
∂R
)
and on BRs = − 1R∂zψ|s so that (8) describes
a advection/diffusion problem.
2.2. Prescriptions for vψ
In the absence of a prescription for vψ derived from first princi-
ples, we assume that magnetic flux transport is mainly local and
can be prescribed as a function of β, with
β ≡ 8piPmid
B2z
,
where Pmid is the mid-plane thermal pressure. We write β(z) as
8piP(z)/B2z , otherwise β is always computed at the mid-plane. We
discuss the limitations of our local approach in §4.1.
With this model, we aim to study the impact on the dynamics
of the disk of different prescriptions for vψ . We also tried to use
the more sophisticated linear model of Guilet & Ogilvie (2012)
to obtain a prescription for vψ but encountered issues with this
approach (see Appendix A).
We decompose vψ as
vψ = −vin + vout − vDBzDBz , (10)
where vin represents the inwards transport velocity of magnetic
flux as the flux is dragged inwards with the accretion flow. In our
case, we expect accretion to be due to the turbulent torque or a
surface torque due to a magnetized outflow.
Inversely, vout represents the outward transport velocity of
magnetic flux. It is expected to be dominated by the vertical dif-
fusion of the radial magnetic field.
Finally, vDBzDBz represents the radial diffusion of the vertical
magnetic field, with DBz ≡ ∂ ln Bz∂ lnR .
For simplicity, we impose vin and vout as power laws of β so
as to explore a wide range of regime for magnetic flux transport.
To reduce the degrees of liberty concerning the choice of vin and
vout we give here some expected order of magnitudes for the three
velocities.
2.2.1. Constraints on vDBz
Following our simple approach we set
vDBzDBz ≡ η
∂ ln Bz
∂R
.
Assuming that η(z) is dominated by the effective turbulent resis-
tivity and is constant with height, this can be rewritten as
vDBz =
α
P
H
R
cs
where
α = min(1 , 15 × β−0.56 + 0.03) (11)
is taken from the 3D shearing box simulations with radiative
transfer of Scepi et al. (2018b), adding a cap in the low β limit
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to mimic the fact that MRI-driven turbulence is quenched when
β < 1. We also introduce the magnetic Prandtl number, P, the
ratio of the effective turbulent viscosity to the effective turbu-
lent resistivity, which is set to unity in agreement with Lesur &
Longaretti (2009).
Our expression for vDBz is a crude estimation since it does
not take into account the impact of the radial gradient of vertical
magnetic field on vR and assumes a constant resistivity.
2.2.2. Constraints on vout
From (9) we can estimate
vout ∼ αP
H
Lz
BRs
Bz
cs. (12)
Lz represents the surface of the disk and we can crudely assume
that it is of the order of ∼ H. Constraining the radial surface
magnetic field using the disk-magnetized outflow self-similar so-
lutions of Jacquemin-Ide et al. (2019) in the regime 1 < β < 104,
we have
BRs
Bz
= 0.62 × β0.4. (13)
Using (11), (12) and (13) we see that
vout ∼ cs
when β ≈ 1.
We note that (13) is not in agreement with our assumption
that BR/Bz = O(). We discuss the implication of this in §4.1.
2.2.3. Constraints on vin
It is more difficult to obtain a simple order of estimate for vin as
we do not know a priori the vertical structure of vR. In the model
of Guilet & Ogilvie (2012) the transport velocity of magnetic
flux inwards, vin, due to either the turbulent torque or the surface
torque from a magnetized outflow, tends towards the mass trans-
port velocity, v˜R, in the highly magnetized case (see their Figure
8). Indeed, in their model the height where the surface accre-
tion occurs tends towards the midplane as β decreases and the
magnetic flux transport velocity tends towards the mass trans-
port velocity. In the highly magnetized regime (β ≈ 1), the mass
transport velocity is dominated by the torque from the magne-
tized outflow (Ferreira & Pelletier 1995) with
v˜R =
4q
β
cs,
where q ≡ Bφs/Bz is given by the self-similar solutions of
Jacquemin-Ide et al. (2019)
q = 0.36 × β0.6. (14)
We see that when β ≈ 1, the mass transport velocity, v˜R, ap-
proaches unity and so
vin ∼ cs.
2.2.4. Behavior at large β
We expect vout to represent the vertical diffusion of the radial
magnetic field, where the surface radial magnetic field is set by a
magnetized outflow. We argue here that an MHD outflow cannot
exist at low magnetization and that subsequently all magnetic
flux transport associated with an MHD outflow should decrease
with β.
The base of the outflow (or surface of the disk) can be
roughly estimated as the height, ζB, where β(z) = 1 (Suzuki &
Inutsuka 2009, Fromang et al. 2013, Zhu & Stone 2018). So, as
β increases ζB increases too. However, in a real disk, the base
of the outflow, where angular momentum is removed from the
disk, must originate from a resistive region where the matter is
able to decouple from the magnetic field to be accreted (Ferreira
& Pelletier 1995). In a realistic model, the effective turbulent dif-
fusivity should decrease with height as it is set by the turbulent
profile in the disk. Hence, in a real disk, there should exist a crit-
ical value of β above which an outflow cannot be launched. This
critical β corresponds to the magnetization where ζB becomes
larger than the vertical extent of the resistive region.
In our estimations, we assumed that the turbulent resistivity,
η, does not depend on z and so we do not capture this effect.
However, the expected limited vertical extent of the resistive re-
gion implies that vout must decrease with β and be null for high
β.
The case of vin is more complicated since we expect inward
advection to be due to both outflow driven accretion and
MRI turbulent driven accretion. In contrast, to outflow driven
accretion, turbulent MRI driven accretion is not expected to
fade out as β goes to infinity because of the MRI dynamo (Scepi
et al. 2018b). So, if we consider that turbulent driven accretion
efficiently advects magnetic flux inward as in Guilet & Ogilvie
(2014), vin does not have to be null at high β. However, if
we assume that turbulent driven accretion does not efficiently
advect magnetic flux inward as in Lubow et al. (1994), vin does
have to be null at high β. We explore both options in §3.1 and
§3.2 respectively.
To summarize we have three constraints to build our pre-
scriptions of vψ. First, vin and vout should be of the order of cs
when β approaches unity. Second, vDBz is smaller than vin and
vout by a factor H/R when β approaches unity. Third, vout (and vin
if we only consider accretion due to a magnetized outflow) de-
creases when increasing β and goes to zero as β tends to infinity.
2.2.5. A variety of prescriptions
When building prescriptions for vin and vout as a function of β,
we can imagine two different scenarii :
– vin and vout are never equal and one dominates the other for
every β (cases 1 and 2 in Figure 1)
– or vin and vout are equal at some β that we call βeq (cases 3
and 4 in Figure 1).
We find that the first two sub-cases are actually of low
interest. Indeed in these cases, the magnetic field is accumulated
either in the inner parts (case 1 in Figure 1) or the outer parts
(case 2 in Figure 1) over a very small range in radii2 . The
range of radii over which the flux accumulates depends on the
competition between vin (or vout) and vDBzDBz . Since vDBz is
smaller than vin (or vout) by a factor ≈ H/R in the magnetized
regime, one needs to build a large radial gradient of Bz before
reaching a magnetic equilibrium. This explains that the field
2 Note that this is due to our assumption that vψ is null at the boundaries
to preserve the magnetic flux in the disk (see §2.3). In the case where the
magnetic flux would be able to leave the disk, case 1 and case 2 would
lead to the disk emptying of magnetic flux from the inner boundary and
outer boundary respectively.
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Inward transport > Outward transport 
Almost all magnetic flux is accumulated at the inner 
radius 
Small eruptions 
Similar to ⍺-disk
Outward transport > Inward transport
β > βeqfor
βeq
βeq
β
β
β
β
Inward transport > Outward transport
β > βeqfor
Discussed in Appendix C
Discussed in Section 3 
Eruptions matching amplitude and 
recurrence time scale of DNe
Outward transport > Inward transport 
Almost all magnetic flux is accumulated at the outer 
radius 
Small eruptions 
Similar to ⍺-disk
1
2
3
4
No eruptions or small 
amplitude eruptions 
vin, vout
Fig. 1. Sketch of the four set of prescriptions obeying the constraints on
vin and vout from §2.2 with a comment on the resulting light curves and
disk’s configuration. Green lines represent outward transport and blue
lines inward transport.
ends up concentrated within the innermost (outermost) radii
only. The disk then becomes unmagnetized except for a highly
magnetized inner (outer) zone. The highly magnetized zone
does not evolve with time and the rest of the disk has small
eruptions as expected in disks with constant α.
The case where there exists an equilibrium magnetization,
βeq, where the inner transport of magnetic flux is balanced by
the outer transport of magnetic flux is of greater interest. One
can imagine more complicated scenarii where vin and vout cross
several times. We do not discuss these cases for simplicity.
Once we have chosen that there exists a βeq, one again faces
two choices.
– vout > vin for β > βeq (case 3 in Figure 1)
– or vin > vout for β > βeq (case 4 in Figure 1).
As discussed in Appendix C, we believe that case 4, where
vin > vout for β > βeq, is the astrophysically interesting case and
we mainly discuss this case. A discussion on case 3 is added in
Appendix C.
2.3. Modified DIM code with magnetic field transport
To evolve the radial structure of the disk with time we solve the
vertically averaged equations of a thin disk :
∂Σ
∂t
=
1
2piR
∂M˙
∂R
(15)
∂Tc
∂t
=
Q+ − Q−
Σ
2mp
5kBµ
(16)
and
∂ψ
∂t
= (vin − vout + vDBzDBz )
∂ψ
∂R
, (17)
where M˙ is the mass accretion rate, Tc the temperature in the
midplane of the disk, Q+ the heating rate, Q− the cooling rate,
mp the mass of a proton, kB the Boltzman constant and µ the
mean molecular weight. Note that for the sake of simplification,
we have neglected mass losses induced by the wind in (15). We
compute the mass accretion rate as
M˙ =
4pi
RΩ
∂
∂R
(
3
2
R2α(β)ΣΩ2H2
)
+ q(β)B2z
R
Ω
(18)
where we take into account the accretion due to MRI turbulence
and the outflow magnetic torque on the surface of the disk. The
value of α(β) is taken from (11). The value of q is given by (14).
The heating rates and cooling rates are given respectively by
Q+ =
9
4
αΩ3H2Σ (19)
and
Q− = 2σT 4eff . (20)
The effective temperature Teff is a function of Σ and κ and is
computed using the prescriptions from Latter & Papaloizou
(2012). We note that the treatment of the thermal structure in our
model is simpler than in Hameury et al. (1998) and Scepi et al.
(2019). Indeed, it does not include cooling due to convection,
the change in mean molecular weight and thermal capacity as
hydrogen is ionizing and recombining, the radial transport of
energy and the heating/cooling by adiabatic expansion of the
fluid. In Scepi et al. (2019) we found that the last two terms, in
particular, were only important near sharp transitions in surface
density or temperature and heating/cooling fronts (see also
Menou et al. 1999). Comparing our model with the one from
Scepi et al. (2019) we find that including these terms does not
alter drastically the overall dynamics of the disk, although the
eruptions tend to be longer, with a slower rise to the eruptive
state, and exhibit reflares. We caution that the simplified
cooling function of Faulkner et al. (1983), which inspired the
prescription of Latter & Papaloizou (2012) that we adopt here,
is known to lead to outbursts with a larger amplitude than more
realistic treatments (Lin et al. 1985, Hameury et al. 1998). This
is especially true when the inner edge of the disk is large (see
Figure 5 and 6 of Lin et al. (1985) and §3.1.6). Nonetheless, we
believe that our model captures most of the necessary physics to
understand the coupling between magnetic field transport and
the eruptions. We also note that (19) overestimates the heating
rate. Part of the gravitational energy that is usually extracted
from the disk by the turbulent stress tensor is actually used
to launch the outflow and goes in the vertical Poynting flux
instead of being liberated into thermal energy locally (Ferreira
& Pelletier 1995).
The novelty compared to Scepi et al. (2019) is that we evolve
the magnetic field at the same time as the surface density and the
temperature by solving (17). Equation (17) is coupled to (15)
and (16) through the prescriptions for vin, vout, and vDB , which
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depends on β and H/R. We also use a different prescription for
the magnetic outflow’s torque, q, taken from the self similar
solutions of Jacquemin-Ide et al. (2019). While prescriptions
from shearing box simulations concerning the turbulent torque
are believed to be quite accurate the prescriptions concerning
the magnetic outflow’s torque might be better captured by self-
similar solutions which take into account the global curvature
of the outflow, which is ignored in local shearing box models.
In any case, all the results presented here do not depend on the
choice of q(β).
We start from a uniform magnetic field configuration. The
disk is isolated, meaning that it cannot lose or gain magnetic
flux as we enforce vψ to cancel at the inner and outer boundaries.
We set up Σ to be small at the inner boundary (equal to 1) and
the mass accretion rate to be equal to the external mass accretion
rate M˙ext = 1016 g s−1 at the outer boundary. The internal radius
of the disk is Rin = 8 × 108 cm, the external radius of the disk is
fixed at Rout = 2×1010 cm and the mass of the white dwarf is 0.6
M. We use a static logarithmic grid in radius with a resolution
200 points. We went up to a resolution of 800 points and did not
see any meaningful difference concerning the overall dynamics
of the disk.
3. Magnetic advection dominates for β > βeq
In this section, we study two cases:
– turbulent accretion is efficient in advecting magnetic flux
inwards at large β (as in Guilet & Ogilvie 2014) and so
vin > vDBz at large β (blue solid line in Figure 2 and §3.1).
– turbulent accretion is not efficient in advecting magnetic flux
inwards at large β (as in Lubow et al. 1994) and so vin < vDBz
at large β (blue dashed line in Figure 2 and §3.2).
3.1. Efficient advection at large β
We start with the case where turbulent accretion is efficient in
advecting magnetic flux inwards at large β. For this subsection,
we use the following prescriptions for vin and vout:
vin = 3 × β−0.2cs
vout = 4 f × β−0.3cs (21)
where f = 1/(1 + 10−10β2) is used to quench the outflow at large
β (see §2.2.4).
Figure 2 shows the prescriptions that we used. In this case
βeq ≈ 18. Our results are not dependent on the exact value of βeq
as shown in Appendix B.
3.1.1. Transitory evolution
In this section, we describe the early dynamics of the magnetic
field when we evolve simultaneously the density, temperature
and magnetic flux using the prescriptions from Figure 2. We start
from an initially uniform vertical large scale magnetic field of
30 G (top panel of Figure 3) and an external mass transfer rate
of 1016 g cm−2. The lower panel of Figure 3 shows the initial
distribution of β. Initially β decreases from 109 at the inner radius
to 104 at the outer radius. Since β > βeq the magnetic flux is
advected inwards (see Figure 2).
The magnetic flux is advected inwards until the magnetic
configuration reaches an equilibrium at β = βeq where diffusion
outwards (vout) compensates advection inwards (vin). We see
101 102 103 104 105 106 107 108 109 1010
β
10−4
10−3
10−2
10−1
100
101
βeq ≈ 18 vin/cs
vout/cs
vDBz/cs
Fig. 2. Prescriptions for vin, vout and vDBz normalized by the sound speed
as a function of β. The solid blue line is supposed to represent a disk
where the magnetic flux’s advection by turbulent accretion is more ef-
ficient than diffusion at large β. The dashed blue line gives vin(β) in a
case where the magnetic flux’s advection by turbulent accretion is less
efficient than diffusion at large β as studied in §3.2. The dotted black
line gives the value of βeq.
from Figure 3 that after 1.4 days the inner regions have already
reached the equilibrium magnetization while the outer disk
still advects magnetic field inwards. As the magnetic flux is
accumulated inwards the inner magnetically dominated region
grows with time. At t ≈ 30 days the disk has almost reached a
quasi-stationary state. Between, t ≈ 30 days and t ≈ 1200 days
the disk is in a stationary state except for small fluctuations in all
the quantities. The mass accretion rate is constant and the disk
does not undergo thermal eruptions. This would correspond to
the case of a nova-like. The inner region of the disk concentrates
most of the magnetic flux and is stabilized at a β slightly above
βeq (see lower panel of Figure 3). This small difference is due
to the gradient of Bz transporting magnetic flux outwards. The
outer region of the disk is emptied of its magnetic flux and
reaches the floor in β. We prescribed a ceiling at β = 1010 for
numerical convenience but this does not affect our results.
3.1.2. Time scales
We see from Figure 3 that advection of the magnetic flux inwards
is fast. The time scale on which the magnetic field evolves, tmag,
is given by equation (8) and is
tmag =
R
vψ
In a highly magnetized disk where β ≈ 1 and the accretion is
due to a surface torque from a magnetized outflow, vin and vout
are expected to be of the order of the sound speed cs (see §2.2.3
and §2.2.2) so that
tmag ≈
( R
H
) 1
Ω
when β ≈ 1. For example, at R = 109 cm, tmag ≈ 1 h at the
beginning of our simulation, which is consistent with the time
scales on Figure 3.
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Fig. 3. Temporal evolution of the magnetic field configuration (upper panel) and plasma β parameter (lower panel) up to the quasi-stationary final
configuration. The initial magnetic field is uniform with a value of 30 G. The external mass transfer rate is 1016 g cm−2. The dashed black line in
the upper panel gives the theoretical expected slope of the magnetic field, in R−5/4 deduced from (23). The dotted black line in the lower panel
gives the value of βeq.
Moreover, the accretion velocity in this case is also ≈ cs,
so that the accretion time scale, tacc is also
(
R
H
)
1
Ω
. This is
much smaller than the typical viscous time scale of an α-disk,
tvis = 1αΩ (
R
H )
2, which is of ≈ 10 years at the outer radius at the
beginning of our simulation.
When β ≈ 1, we have α ≈ 1 and so the magnetic time scale
and the accretion time scale are only an order R/H larger than
the thermal time scale, tth ≡ 1/(αΩ). In these conditions the mag-
netic configuration and the density can adapt very rapidly to the
thermal structure. The classical thermal-viscous instability may
exhibit a different behavior in these conditions.
3.1.3. Magnetic configuration
The magnetic field, after a transition regime, maintains the same
configuration from t ≈ 1 day up until t = 1200 days. The inner
magnetic field follows a power law with an index of R−5/4, and
the outer magnetic field is almost null. We define Rtr as the tran-
sition radius between the inner magnetized region and the outer
non-magnetized region; it also correspond to the radius where
the magnetic field deviates from the power law in −5/4. When
Rtr increases, we see that the value of the magnetic field at the
inner boundary, Bzin , decreases.
We can explain those results with a very simple model. The
inner outflow-driven accretion zone has β ≈ βeq, which is con-
stant. In the inner zone, the accretion is driven by the magnetized
outflow’s torque and the mass accretion rate
M˙ = qB2z
R
Ω
(22)
is constant since the disk is steady. Since, β in the inner zone
remains fixed around βeq, q(β) remains at q(βeq). Isolating Bz in
(22), we find
Bz ∝ R−5/4 (23)
in the inner zone as in Blandford & Payne (1982). This simple
analytical estimate is perfectly reproduced by our model as we
can see from the black dashed line on the top panel of Figure 3.
In an isolated disk (vψ(Rout) = vψ(Rin) = 0), the magnetic flux
is conserved. If we assume that all the magnetic flux is concen-
trated in the inner part, with Bz ∝ R−5/4 then the conservation of
the magnetic flux
Ψ =
ˆ Rtr
Rin
BzRdR,
where Ψ is the total magnetic flux in the disk, can be rewritten
as
Rtr = Rin ×
34 ΨBzinR2in + 1
4/3 . (24)
We can easily constrain the magnetic field at the inner boundary
with (22) and we find
Bzin =
(
M˙inΩin
qRin
)1/2
(25)
The values of Rtr and Bzin are in perfect agreement with our sim-
ulations as we can see from the upper panel of Figure 4 where
we report the temporal and radial evolution of the magnetic field
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with a dashed black line representing the analytical estimation
(24) where the value of Bzin was set by (25).
Let us finally point out that, in a disk where the magnetic
flux is conserved and in the approximation that Rtr  Rin, the
equations above imply that the transition radius evolves as
Rtr ∝ M˙−2/3in . (26)
This behavior is somewhat different from that of the magneto-
spheric radius Rmag, set by equating the ram pressure of the ac-
cretion disk with the magnetic pressure from a possible dipolar
magnetic field anchored in the white dwarf. Accretion then pro-
ceeds along magnetic field lines, truncating the disk within Rmag.
The magnetospheric radius behaves as Rmag ∝ M˙−2/7in (Frank
et al. 2002). We stress that in our case the disk is not truncated
below Rtr but its properties are changed as it becomes highly
magnetized.
3.1.4. Temporal evolution
Figure 4 shows the evolution as a function of time and radius
of the magnetic field, the surface density and the temperature.
These results were found using an initial constant magnetic field
of 3 G and a mass transfer rate of 1016 g cm−1.
Figure 4 shows that the disk is unstable to the thermal-
viscous instability. The only difference with the stable disk
shown in Figure 3 is a lower magnetic field (Bz = 10 G) than
in the stable case (30 G). In the high magnetic flux case of Fig-
ure 3 the transition radius Rtr is larger than the radius where the
thermal-viscous instability is triggered. This stabilizes the disk
and allows it to find a stationary state with a constant mass accre-
tion rate. We recover the instability by decreasing the magnetic
flux in the disk.
We see from Figure 4 that the eruptions are triggered at
the transition between the inner magnetized and the outer
non magnetized disk. Starting from the quiescent state, the
disk accumulates mass until Σ reaches a critical value where
the disk becomes thermally unstable and transits to a hotter
state, corresponding to the eruptive state. We see two fronts
that propagates through the disk: one inwards and the other
outwards. The disk stays in eruption for approximately 40
days. Then, a cooling front coming from the outer boundary
of the disk signals the end of the outburst as it propagates
inwards. We note that the disk has reflares (Menou et al. 1999)
when going back to quiescence. These show up as oscillations
in the size of the hot zone as the disk returns to quiescence
(bottom panel of Figure 4). This means that when the cooling
front propagates the density reaches the critical density again
and a new heating front appears. Then, another cooling front
develops at the outer edge and, if the density in the disk is low
enough, the cooling front can propagate all the way down to the
transition radius ending the eruption. The disk then returns to
quiescence and stays in quiescence for approximately 80 days.
The recurrence of these eruptions depends on the initial mag-
netic field and the parameters of the disk as we will see in §3.1.6.
From Figure 5 we also see that the magnetic configura-
tion changes between the eruptive state and the quiescent state.
In fact, the evolution of the transition radius is driven by the
thermal-viscous instability operating in the outer unmagnetized
disk. We see that Rtr increases when going from eruption to qui-
escence in response to variations in M˙in (26). Going back to qui-
escence, β at the transition decreases since the disk temperature
drops. When β decreases below βeq the disk enters a zone where
the diffusion is dominant, and the inner magnetic flux diffuses
outwards until a β = βeq is reached again. On the contrary, when
going from quiescence to eruption, the value of β increases. At
the transition, the magnetic field is then advected inwards since
β becomes greater than βeq. The transition radius moves inwards
as the heating front propagates. The evolution of the inner disk
is entirely dictated by the eruptions in the outer disk.
3.1.5. Radial structure
Figure 5 shows the disk’s radial structure in quiescence and in
eruption. The disk is radically different in the outer and inner
parts during both eruption and quiescence.
The outer disk is emptied of magnetic flux. The value of β
in this zone is set by the floor of β = 1010 that we impose ar-
tificially. Thus, the outer parts behave as a standard α-disk with
a constant α ≈ 0.03. The accretion is due to turbulence and the
accretion energy is deposited locally in the disk. The accretion
driven by the torque of the magnetized outflow is very weak in
this zone. It is in the outer disk that the thermal-viscous insta-
bility takes place. As we see from Figure 5, the outer disk in
outburst is hot, dense, and optically thick. In quiescence, it is
cold and has a lower density.
The inner disk, in which most of the magnetic flux has ac-
cumulated, behaves very differently from an α-disk. It reaches
the value βeq ≈ 18 where accretion is driven by the torque from
the magnetized outflow. Because this magnetized accretion is so
efficient, i.e. vR ≈ q/βcs ≥ cs, the density in the inner disk is low.
A significant fraction of the accretion energy is not deposited
locally but is lost in the outflow. Thus, the inner disk also has
a lower temperature than a viscously-driven disk for the same
M˙ because of the lower heating rate. However, we find that the
densities and temperatures in the inner disk are not as low as the
values reached in Scepi et al. (2019), where the fixed magnetic
field configuration led to very low values of β in the inner disk
(Figures 2 and 5 in Scepi et al. 2019). Surprisingly, both Σ and
Tc remain high enough that the thermal-viscous cycle continues
to operate in the inner disk. Figure 5 also show the presence of
a small hot zone in Tc in the magnetized inner disk whereas the
viscously-driven outer disk is in quiescence. This produces small
eruptions on a very short timescale, because of the fast accretion
timescale in the magnetized inner disk. These eruptions shows
up as wiggles during quiescence in panels (c) and (d) of Figure
6.
3.1.6. Light curves
We showed in §3.1.4 that the magnetic field configuration is self-
consistently changing from the eruptive state to the quiescent
state. As we can see from Figure 6, by changing the value of the
initial magnetic flux we can change the shape of the eruptions.
For a weak initial magnetic field (Bz0 = 0.1 G) accretion
driven by the magnetized outflow is negligible as there is not
enough magnetic flux in the disk. The disk is mainly turbulent
with α ≈ 0.03 and the eruptions are of small amplitude with
short recurrent time scale (panel (a) of Figure 6). We attribute
the differences in amplitude and recurrence timescale with the
low magnetic field case shown in the top panel of Figures 3-4 in
Scepi et al. (2019), where the same disk is modeled, to our sim-
plifying assumptions (§2.3). As we increase the magnetic flux in
the disk, the accretion driven by the magnetized outflow starts to
be important in the inner disk. The transition radius acts as an
effective truncation since the accretion timescale becomes very
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Fig. 4. Magnetic field (top panel), surface density (mid panel) and temperature (bottom panel) as a function of time and radius. The black dashed
line in the top panel gives the analytical estimate of the transition radius using (24) and (25). The initial magnetic field is uniform with Bz = 10 G.
The external mass transfer rate is 1016 g cm−2.
short below Rtr. Indeed, Figure 6 shows the lightcurve behaves
as expected from a disk with a progressively higher truncation
radius as the magnetic flux is increased. The heating front that
triggers the outburst starts close to Rtr for these parameters. Since
the critical surface density for the ignition of the viscous-thermal
instability is proportional to R1.1 (Hameury et al. 1998), a trun-
cated disk needs to build more mass between outbursts, increas-
ing the recurrence time scale from panels (a) to (c). The mass
accretion rate in quiescence also increases as Rtr increases (left
panels of Figure 6), an effect that has long been identified as a
possible solution to the high X-ray flux measured from DNe in
quiescence (Mukai 2017 and references therein). The disk be-
comes ‘leaky’ when its M˙in in quiescence becomes close to the
mass transfer rate (Lasota 2001), preventing mass from building
up in the disk and further increasing the recurrence time scale as
illustrated when going from panels (c) to (d). These results do
not depend strongly on the exact value of βeq. We retrieved sim-
ilar light curves with different βeq by changing only the amount
of magnetic flux in the disk (see Appendix B).
3.2. Inefficient advection at large β
We now briefly explore the second case where the advection of
magnetic flux at large β is inefficient. This case aims at mim-
icking the results of Lubow et al. (1994). We use the following
expressions for vin :
vin = 3 f × β−0.2 (27)
where f = 1/(1 + 10−10β). vout is still defined according to (21).
The only difference with our previous prescription is that vin is
also quenched at large β as shown by the dashed blue line in
Figure 2. Hence there exists a magnetization above which the
magnetic flux cannot be advected anymore because vin < vDBz
(see Figure 2). In Lubow et al. (1994) the dominant term in the
diffusion of the magnetic flux is due to the vertical diffusion
of the radial magnetic field, where the radial magnetic field is
computed from the global magnetic structure. Our model is
local and is unable to capture such an effect. We use a case
where vin < vDBz as a proxy for the global method of Lubow
et al. (1994).
We do not discuss this case in as much detail as the one of
efficient advection at large β. Indeed, the results are very similar
except that the light curves obtained with this prescriptions show
eruptions of smaller amplitude (≈ two magnitudes) as can be
seen in Figure 7. This is due to the fact that the magnetic field at
the inner boundary cannot change as much between the eruptive
state and the quiescent state as in the case of efficient advection
(see a comparison between both cases on Figure 7). In the case of
inefficient advection, the disk can only advect inwards (or diffuse
outwards) the magnetic flux from the parts of the disk where β .
105. This leaves the outer parts of the disk out of reach and limits
the range over which the magnetic field at the inner boundary can
vary. Ultimately, this limits the range over which the transition
radius can change (see Figure 7) and produces smaller eruptions
than in §3.1.6.
4. Discussion
4.1. Limitations of our model
Our model assumes that the vertical velocity and the radial mag-
netic field are small enough so that we can neglect the term vzBR
compared to vRBz in the induction equation. However, the ve-
locity vz can be important, especially in the inner magnetized
region where a wind or a jet is formed. In the case where βeq is
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Fig. 5. Surface density (first panel), temperature (second panel), to-
tal mass accretion rate (third panel) and vertical magnetic field (fourth
panel) as a function of radius in eruption (green curves) and quiescence
(blue curves). The dashed curves in the second panel represent the ef-
fective temperature of the disk. The dashed curves in the third panel
represent the outflow-driven mass accretion rate and the dotted curves
represent the turbulent-driven mass accretion rate. The initial magnetic
field is uniform with Bz = 10 G.
1−100, vz becomes & 2 times the local orbital speed (Jacquemin-
Ide et al. 2019) and so vZBR/vRBZ cannot be neglected anymore
since BR/BZ & 1 and vR . cs. This could induce another source
of magnetic flux transport.
Moreover, we assume that there exists an outflow trans-
porting angular momentum but we do not treat the transport
of mass and energy in the outflow. This means that the disk
may be even emptier and cooler than it is in the magnetized
outflow-dominated inner parts on Figure 4.
Also, our approach is different from the one of Lubow et al.
(1994), Guilet & Ogilvie (2014) or Li & Cao (2019) in that their
model is global whereas our approach is purely local. We assume
that the behavior of the disk only depends on the local magne-
tization and not on the full global structure. We note that the
prescriptions from Jacquemin-Ide et al. (2019) are self-similar
and so, by nature, take into account the global structure of the
disk. However, due to the self-similar approximation the solu-
tions from Jacquemin-Ide et al. (2019) have a uniform magne-
tization (not dissimilar to global simulations from Zhu & Stone
2018 and Mishra et al. 2020) and are not consistent with a real-
istic disk where the magnetization depends on the radius and is
not self-similar. This is especially true close to the fronts.
We would like to emphasize that the global approach
followed by Lubow et al. (1994), Guilet & Ogilvie (2014) and
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Fig. 6. Mass accretion rate at the inner boundary (left panels) and V
magnitude (right panels) as a function of days for different magnetic
flux. From top to bottom the initial constant magnetic field Bz0 is equal
to 0.1, 1, 10 and 21 G.
Li & Cao (2019) relies on the approximation that the magnetic
field is potential. When an outflow is present this is clearly not
true because the outflow matter’s inertia exerts a force on the
magnetic field configuration. Our local approximation may be
more suited than the potential approximation when an outflow
is present though it still needs a proper support from global
simulations. Nevertheless, the diffusion terms in the outer disk,
which has a high β and no outflow, may be underestimated as
we do not take into account the global structure.
At high magnetizations (β . 102) other instabilities that we
ignored here such as the magnetic Rayleigh-Taylor instability
might play a role in giving the final magnetic configuration as
seen in simulations of McKinney et al. (2012). Taking into ac-
count these high magnetization instabilities would require a de-
tailed study providing a simple prescription of the mass, angular
momentum (see Marshall et al. 2018), energy and magnetic field
transport that we can use in our model. However, it is not clear
that a simple axisymetric model is be able to reproduce the long
term behavior of high magnetizations simulations, which are re-
ported to be highly non-axisymetric with spiral patterns possi-
bly related to the properties of transport (McKinney et al. 2012,
Mishra et al. 2020).
Beckwith et al. (2009) also expressed concerns regarding the
use of a mean field approach to treat the turbulence. In their 3D
GRMHD global simulations, turbulent motions reconnect field
lines in the surface accretion layer forming closed field loops in
the disk and allowing coronal advection of open magnetic field
lines on the horizon of the central black hole. A detailed study
of whether this effect can be captured or not using a mean field
approach remains to be done.
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Fig. 7. The upper figure gives the temporal and radial evolution of the
magnetic field (upper panels) and of the outflow-driven mass accretion
rate (lower panels) for the case of inefficient advection of the magnetic
flux at high β (left hand side panels) and for the case of efficient advec-
tion of the magnetic flux at high β (right hand side panels). The lower
figure shows the light curves for inefficient advection at large β. The
initial constant magnetic field in this case is Bz0 = 20 G.
Finally, we restricted our model to a case where the magnetic
flux is conserved. It is not clear whether such a case is relevant
for compact binaries where the disk is fed with matter and
possibly magnetic flux at the outer radii. We tried to address
this problem by feeding continuously the disk with net vertical
magnetic field. However, in the absence of any mechanism to
extract magnetic flux from the disk, the magnetic flux keeps
accumulating until we stop the simulation. To prevent a dramatic
accumulation of magnetic flux, we also tried to feed the disk
with a vertical field of switching polarity. In the case of efficient
advection at large β, we mostly find modulations of the light
curves with an amplitude and a frequency corresponding to
those of the injected magnetic flux. It seems unlikely that the
eruptions of DNe should actually be driven by the varying
incoming magnetic field and so we did not pursue in this
direction. Internal local generation of net vertical magnetic field
by the MRI dynamo might also play a role in the long term
evolution of DNe (see Begelman & Armitage 2014 for low mass
X-ray binaries). However, exploring such effects is clearly out
of the scope of this paper.
4.2. Comparison with Scepi et al. (2019)
One major result of this paper is that the inner disk, where accre-
tion is driven by the torque due to the magnetized outflow, acts
exactly as a truncation of the inner disk. The inner disk is passive
and responds to the changes in the outer disk; it does not drive
the dynamics of the eruptions. Our hybrid disk can then simply
be modeled as a truncated α-disk with a varying inner radius, Rin
that follows the relations (24) and (25). To check this assertion,
we performed a simulation of such a truncated α-disk and found
the same behavior than reported in Figure 4.
This is different from the results of Scepi et al. (2019), where
the inner zone acted only partly as a truncation of the disk. Be-
cause the magnetic field configuration had a fixed dipolar config-
uration, the transition in outflow-driven mass accretion rate was
more shallow than in the present work. Hence, the magnetized
outflow’s torque also enhanced the accretion in the outer disk
(especially during outburst) and did not act as a simple trunca-
tion. Indeed, we had checked in Scepi et al. (2019) that a simple
truncation of the outer α-disk led to weak outburst with short
recurrence time scales. Here, the magnetic flux is much more
concentrated to the disk center and the transition between mag-
netized and unmagnetized regions is sharper.
Another difference is that the relation between the transition
radius, Rtr, and the mass accretion rate reported here is different
from the one of Scepi et al. (2019). In the case of a fixed dipo-
lar magnetic field, Rtr evolves as M˙−2/7 (like the magnetospheric
radius) while here it evolves as M˙−2/3 (26). Since a disk can be
stabilized if Rtr > Rinst, where Rinst is the radius at which the ther-
mal instability would be triggered, this modifies the dependency
with orbital period of the stability criterion shown on the Figure
6 of Scepi et al. (2019), for a given amount of magnetic flux.
4.3. Comparison with global simulations
Because of the difference of time scale, it is difficult to directly
compare our work with 3D global (GR-)MHD simulations. We
are interested here in the secular evolution, i.e. over several
viscous time scale while state-of-the-art 3D global simulations
could typically only reach hundreds of orbital time scales at the
outer radius of DNe. Still, Liska et al. (2018a) performed a long
duration GRMHD 3D global simulation, and found that at late
times the accretion disk is divided into an inner magnetized, low
density region and an outer region sharing the properties of an
α−disk. The authors suggested that a large scale magnetic torque
might be responsible for the formation of this inner region.
More generally GRMHD simulations studying magnetic flux
transport report that the magnetic flux is advected very efficiently
inwards (Beckwith et al. 2009, McKinney et al. 2012). These
simulations typically start with a torus and let the accretion disk
form. However, the most recent MHD simulations, which ini-
tially start with an accretion disk with a constant β, tend to show
that the magnetic flux is neither advecting inwards or outwards
(Zhu & Stone 2018, Mishra et al. 2020), in tension with the
GRMHD results. This result, surprisingly, seems to hold what-
ever the value of β between 102 and 104. This conflict between
GRMHD and MHD simulations clearly deserves further atten-
tion from the community.
4.4. Comparison with observations
Letting the magnetic field distribution evolve under the assump-
tion of efficient advection concentrates the flux in an inner mag-
netized disk. The outer disk is purely viscous and behaves dy-
namically as if it were truncated at the transition radius between
the two zones. This has several observational consequences.
First, this provides an alternative mechanism through which
disk truncation can be achieved. Disk truncation has been in-
voked to explain the delayed rise to outburst of the UV flux,
compared to the optical flux, and the relatively high accretion
rate onto the white dwarf inferred from the X-ray observations
in quiescence, compared to the predictions from the DIM for a
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disk extending down to the surface of the white dwarf (see La-
sota 2001; Mukai 2017 and references therein). Various mecha-
nisms have been proposed: truncation by the white dwarf mag-
netic field as in intermediate polars (Livio & Pringle 1992), evap-
oration of the inner disk by a ‘coronal siphon flow’ (Meyer &
Meyer-Hofmeister 1994), white dwarf irradiation keeping the in-
ner disk hot (King 1997). We propose that it is the magnetic field
carried by the disk itself that causes an apparent truncation of the
disk. Such a mechanism would apply equally well to low-mass
X-ray binaries as we discuss further below.
Second, the truncation of the inner disk by the outflow-driven
accretion will shape the light curve. The eruptions have a longer
recurrence time scale and a larger amplitude than in the case of a
purely turbulent disk with a constant α (Figure 6). Coleman et al.
(2016) argued that truncation of the inner disk was essential to
match outburst models, using the actual values of α measured
in simulations of MRI turbulent transport, to observations. They
proposed truncation by the white dwarf dipolar field. Our model
could produce such a truncation without requiring every DNe to
have strong magnetic fields on their white dwarf. We also predict
a different evolution of the truncation radius than for the magne-
tospheric radius.
Third, the magnetic flux in the disk will be one of the two
main parameters, with the external mass transfer rate, shaping
the lightcurve. Observationally, there exists a large scatter in
the recurrence time scale of DNe (Cannizzo et al. 1988) that is
usually explained by external mass transfer rate variations at a
given orbital period. In our model, we could naturally account
for the dispersion in recurrence time scales by varying the ini-
tial magnetic flux in the disk. We defer to future work a more
detailed comparison of lightcurves to observations using (26) to
evolve the truncation radius, together with a more realistic treat-
ment of the radiative transfer of the thermodynamics of the disk
(Hameury et al. 1998).
Fourth, a high enough magnetic flux will also affect stable
systems. It can stabilize a disk that would be unstable to the
classical thermal-viscous instability by truncating the inner hot
region, leaving only a stable outer cold region, much like posited
for magnetospheric truncation (Lasota et al. 1995, Menou et al.
1999). This would produce a population of cold, stable systems.
Hot, stable systems (novæ likes) can also be impacted. Actually,
in novæ-like variables, there exists a discrepancy between the
observed spectrum and the spectrum expected from a classical
α-disk extending to the inner radius. On the one hand, the emis-
sion coming from the inner radii of the disk seems to be missing
(see Nixon & Pringle 2019 for recent work and review on the
subject). On the other hand, dwarf novæ in eruption, whose ob-
servational properties are expected to be close to those of novæ
likes, are well fitted by an α-disk extending to the inner radius
(Hamilton et al. 2007). The discrepancy could simply arise be-
cause the disk, for the same mass accretion rate, can be more or
less truncated depending on the available magnetic flux.
Last, an observational signature of our model is the presence
of magnetized outflows, jets or winds. Recent observations of ra-
dio emission in DNe and novæ-like have been attributed to mag-
netic jets (Körding et al. 2008, Russell et al. 2016) though more
than one mechanism could produce such emission (Coppejans
et al. 2015, Coppejans et al. 2016). If magnetic jets are indeed
responsible for the radio emission, we could expect from our
model a correlation between strong radio emitters and DNe with
long-recurrence time scale. Also, since DNe with a large mag-
netic flux are stabilized we could also expect to find cold, stable
systems with strong radio emission. Matching stable, point-like
sources in radio surveys to late-type stars in optical surveys may
be a way to identify those optically-faint systems.
4.5. Application to LMXBs
Low mass X-ray binaries are analogues of DNe where, instead
of a white dwarf, the central object is a stellar mass black hole or
a neutron star. The spectral and variability properties of LMXBs
provide several lines of evidence for a truncated thin disk (see
Yuan & Narayan 2014 for a review and Zdziarski & De Marco
2020 for more recent work). These objects have eruptions that
can also be explained by the DIM taking into account the X-ray
irradiation of the outer region by the inner region and a truncated
disk (Lasota et al. 1996; Dubus et al. 2001).
Ferreira et al. (2006) suggested (and Marcel et al. 2018a,b
later showed) that all the spectral states of LMXBs could be re-
produced using an hybrid disk composed of : 1) an inner jet-
emitting disk (JED), with β ≈ 1, where all the angular momen-
tum and part of the energy are transported vertically by a mag-
netic jet ; 2) a standard α accretion disk (SAD). By varying only
the inner mass accretion rate and the transition radius between
the JED and the SAD, Marcel et al. (2019) were able to repro-
duce the outburst of GX 339-4.
Our disk configuration is not very different from what has
been assumed by Ferreira et al. (2006) and Marcel et al. (2019).
The main difference between the inner JED disk and our in-
ner magnetized outflow-driven accretion dominated zone is the
degree of magnetization. While the JED solutions require β ≈
1 − 10 we have a β that can range from 10 to 103 in our model
without affecting the light curves (see Appendix B). The SAD,
outer disk of Marcel et al. (2019) is our outer, non-magnetized,
turbulent-driven accretion disk. A hybrid disk with a sharp tran-
sition between these two components being a natural outcome of
our model, we propose that our model might provide a dynami-
cal justification to the model of Ferreira et al. (2006) and might
be able to explain part of the spectral evolution of LMXBs. This
will be the subject of future work.
5. Conclusions
We studied the evolution of a non-steady, axisymmetric, DNe
accretion disk undergoing eruptions due to the thermal-viscous
instability. The novelty of this work is that we evolve the large
scale poloidal magnetic configuration during the outburst cycle
using a local toy model for magnetic flux transport. The disk is
isolated in the sense that it cannot lose or gain magnetic flux.
To evolve the density, temperature and magnetic field, we devel-
oped a version of the classical DIM (Hameury et al. 1998) that
takes into account the removal of angular momentum by MRI
turbulence and by magneto-centrifugal outflows as in Scepi et al.
(2019). We assumed that the magnetic flux evolution only de-
pends on the local magnetization and used several different sets
of prescriptions for magnetic flux transport to study their impact
on the outburst light curves.
The only case where we find realistic light curves is when
magnetic flux is advected inwards until it reaches an equilibrium
magnetization βeq for which inward magnetic field advection is
balanced by outward magnetic field diffusion. This case natu-
rally leads to a hybrid disk configuration, regardless of the exact
value of βeq. The inner region of the disk is highly magnetized
and has a uniform β(R) = βeq. As a consequence, the magnetic
field is distributed as R−5/4 in this region. The angular momen-
tum and accretion energy are mostly transported vertically in the
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outflow. The outer region of the disk is emptied of magnetic field
thus outflow-driven accretion is negligible there. The outer disk
resembles a classical, viscously-driven, α-disk.
The transition between the inner outflow-dominated region
and the outer turbulent region is very sharp and is of the order
of the typical scale height of the disk. We find that our hybrid
disk can actually be reduced to a truncated α-disk with an in-
ner boundary evolving as M˙in
−2/3, which can be easily imple-
mented in DIM codes. Thus, our model provides physical justifi-
cation to previous models requiring, or observations suggesting,
a truncation of the viscous disk in both DNe and LMXBs (see
Hameury 2019 and references therein). Here, the inner regions
are replaced by a disk with a very fast accretion timescale driven
by a strongly-magnetized outflow.
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Appendix A: uψ from Guilet & Ogilvie (2012)
In a first approach, we tried to compute vψ as a function of β by
obtaining the vertical structure of vR from the asymptotic expan-
sion of Guilet & Ogilvie (2012) instead of simple power laws.
As mentioned in Guilet & Ogilvie (2012), there is a tight con-
nection between solving the vertical structure of the disk in the
thin disk asymptotic expansion and solving the eigenvalue prob-
lem for viscous, resistive MRI. Indeed, the vertical structure is
a linear combination of MRI modes. The growth rates and the
eigenvectors of the resistive MRI modes depends on the resistiv-
ity and viscosity and so ultimately on α. Guilet & Ogilvie (2012)
used the value of α necessary to damp all MRI unstable modes
to find vψ. However, this leads to unrealistic values, for example
α ≈ 0.7 for β ≈ 105. In our case, we use the value of α from 3D
local MRI simulations with radiative transfer from Scepi et al.
(2018b). Doing so, we do not ensure that all MRI modes are sta-
ble for the whole range of β we considered. In fact, it is natural
that there exists unstable MRI modes with our choice of α since
the simulations we are based on are fully turbulent. When we
use P = 1 we find that, near the values of β where resistive MRI
modes are damped by resistivity, our problem is ill-conditioned
and we cannot find one unique solution. This is fundamentally
due to the fact that it is physically difficult to find a stationary
linear solution to a system that still has unstable modes.
We overcame that problem by enhancing the resistivity to
damp all the unstable MRI modes. We found that for P . 0.01
vψ is well behaved as a function of β. However, depending on
the exact value of P we can be in different scenarii of Figure
1. Then, given the uncertainty of our method, we switched to a
more simplified method using simple power laws allowing us to
probe a larger range of behavior.
Appendix B: Light curve dependance on βeq
The purpose of this paper is to show which parameters are impor-
tant to have realistic dwarf novæ light curves. In this Appendix,
we change the value of βeq by slightly changing the slope of vout.
We use three different values of βeq: 18, 320, 1320. We find that
the exact choice of βeq do not affect the shape of the light curves
as can be seen from Figure B.1. Indeed, by adjusting the initial
magnetic flux we can find in each case light curves that look alike
one another. Of course as βeq becomes large the magnetized out-
flow’s torque becomes less important changing the light curves.
However, as long as βeq is . 1000− 10000 the exact value is not
crucial to the overall shape of the light curves.
Appendix C: An outer magnetized disk
In the fourth case of Figure 1, vout > vin for β > βeq. Conse-
quently, we could imagine the opposite magnetic field configu-
ration compared to §3.1: an outer magnetized disk and an inner
weakly magnetized disk. As in §3.1.3, the outer magnetized disk
would have a constant magnetization βeq and thus a magnetic
field distributed as Bz ∝ R−5/4. Again, similarly to §3.1.3 we
have the following constraint on the outer magnetic field:
Bzout =
(
M˙outΩout
qRout
)1/2
. (C.1)
If Bzout is too large then M˙(Rout) becomes larger than the mass
transfer rate from the companion, M˙ext. In this case, the outer
disk empties leading to a decrease in β. The outer disk then falls
in the regime β < βeq causing the magnetic flux to be advected
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Fig. B.1. Dwarf novæ light curves as a function of time for different
values of βeq. We used Bz0 = 10, 4 and 2.5 G for the panels (a), (b) and
(c) respectively.
inwards to return to the equilibrium magnetization βeq. However,
the outer region acts as an enormous reservoir of magnetic flux.
A small magnetic field advected inwards becomes a large mag-
netic field in the inner region. This also means that as one advects
magnetic field inwards the outer magnetic field (and so the mass
accretion rate) does not vary much. Thus, the disk keeps empty-
ing and ultimately becomes strongly magnetized everywhere. In
this case there is no eruptions.
To avoid this situation one needs M˙(Rout) to be of the or-
der of M˙ext. For M˙ext ≈ 1016 g s−1 one can find using (C.1) that
Bzout . 3 G, where we have used q ≈ 1 to set an upper limit for
the outer magnetic field. Setting Σ ≈ 102 g cm−1, H ≈ 108 cm,
one must have βeq & 104 to satisfy M˙(Rout) ≈ M˙ext. We tried a
simulation with βeq = 105 and M˙ext = 1016 g s−1 and find small
amplitude eruptions (≈ 2 magnitudes) with very short recurrence
time scales (≈ 1 day).
One could also imagine to increase M˙ext to allow lower val-
ues of βeq. However, we are limited by the fact that the disk needs
to be thermally unstable. If M˙ext is too large the disk stays in a
stationary hot state, i.e. a novæ-like case. We tried a case where
M˙ext = 1018 g s−1 and βeq = 103 and find no eruptions.
There may be some other configurations we did not explore
where one could find other behaviors. However, since we are not
sure of the astrophysical relevance of such a solution we did not
investigate this matter further. Indeed, in protoplanetary disks the
jet (and so the highly magnetized region of the disk) is coming
from the inner region of the disk not the outer region (Lee et al.
2017). In DNe, eclipse mapping also reveal an outer disk which
is quite in agreement with a typical viscous α-disk (Horne &
Cook 1985).
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